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• More physics for CT and corresponding problems
• Beam hardening and scatter

• Dual Energy
• 3D Tomography

• Tuy-Smith’s condition
• 3D Tomography, helical source path, ex) the PI-method, WFBP, Katsevich
• 3D Tomography, circular source path, C-arm tomography, Feldkamp

• Iterative reconstruction in CMIV’s Siemens Scanner
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Theory
• Theory:

• Oscar Grandell’s Master thesis 2012, Chapter 2.2.3, 2.11, Appendix.
• The Compendium

• Other sources (optional): 
• Henrik Turbell’s PhD thesis 2001: ”Cone‐Beam Reconstruction using Filtered 

Backprojection” 
• Johan Sunnegårdh’s PhD thesis 2009: ”Iterative Filtered Backprojection

Methods for Helical Cone‐Beam CT”
• Karl Stierstorfer, A. Rauscher, J. Boese, H. Bruder, S. Schaller, and T. Flohr, 

Weighted FBP - a simple approximate 3D FBP algorithm for multislice spiral 
CT with good dose usage for arbitrary pitch, Phys. Med. Biol., 49, pp.2209-
2218, 2004

• L.A. Feldkamp, L.Davis, and J.Kress, “Practical Cone-beam Algorithm.” 
Journal of the Optical Society of America 1, 612-619

• SOMATOM Sensation 40/64 Application Guide (Manual för Siemens CT)
• Secret  material on MTF och filter kernels from Siemens that I only can 

present approximately.

Eq. & Fig. No. in blue

p. 2

In reality the X-ray spectrum
is polychromatic
 Example of a typical X-

ray spectrum
 Energy for the X-ray photon:

 where h=6.626ꞏ10-34

Which constant is this?
 And  is the frequency in Hz.

 This is of course also valid:

𝐹𝑖𝑔. 2.4

p. 3

Increased 
frequency,

shorter 
wave-length

𝐸 ℎ𝜈

𝜆 𝑐 𝜈⁄

From Lecture CT1:The attenua-
tion of the X-rays in the object

The attenuation
function (x,y) of 
the object

𝐼 𝑥 𝐼 exp 𝜇 𝑥, 𝑦  𝑑𝑦 ,

𝐼 :  incoming X ray intensity
𝐼 𝑥 : outgoing X ray intensity

𝑝 𝑥 ln
𝐼 𝑥

𝐼 𝜇 𝑥, 𝑦 𝑑𝑦

For CT, we will 
compute the line 
integrals, projection, 
of the object.

𝑦

Unfortunately,
( ) is
energy

dependent!

p. 4

𝑥
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The attenuation ( ) of a tissue 
is energy dependent!

𝐹𝑖𝑔. 2.11

p. 5

 Example of a typical attenuation curve for one tissue in 
the patient.

Increased 
frequency,

shorter 
wave-length

The entering and exiting spectra 
look different – beam hardening

𝐹𝑖𝑔. 2.12

Entering spectrum Exiting spectrum

Attenuation in the patient tissues

p. 6

The attenuation function μ(E) depends 
on 3 different types of interaction

 ρ [kg/m3] is the density of the material
 μmPh [m2/kg] is the mass attenuation coefficient  for the 

photoelectric absorbtion
 μmIn [m2/kg] is the mass attenuation coefficient for 

incoherent scattering  (compton-scattering) 
 μmCo [m2/kg] is the mass attenuation coefficient for 

coherent scattering

𝜇 𝐸 𝜌 ⋅ 𝜇 𝐸 𝜇 𝐸 𝜇 𝐸

𝐸𝑞. 2.60
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Photoelectric absorbtion

Photo-
electron

h
 1)

 2)

Characteristic 
radiation

h’
’<< 

p. 8
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Incoherent scattering, 
Comptonscattering

Photo-
electron

h

Scatter-photonh’

p. 9

Coherent scattering

h

h’

’= 
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Beam hardening artifacts in 
reconstructed images 
 Reconstructed images for a polychromatic and a 

monochromatic X-ray source.
 Example with a simple water phantom with bone 

inserts.
𝐹𝑖𝑔. 1.1

0-80 keV

p. 11 Beam hardening artifacts in 
reconstructed images 
 Example with a 

human head.
 Image from AJR 

(American Journal 
of Roentgenology)

http://tech.snmjournals.org/content/36/2/79
/F1.expansion.htmlBeam hardening artifact

p. 12
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Ring artifacts in 
reconstructed images 
 Images from AJR (American Journal of Roentgenology)
 Ring artifacts are caused by a non-perfect detector element 

p. 13 Beam hardening correction,
existing methods
 (Physical pre-filtration of the X-ray spectrum. 

Provides almost mono-energy. Many photons 
are wasted. The X-ray tube risks to be 
overloaded.)

 Simple beam-hardening correction against 
water (always performed).

 Post-reconstruction. This beam-hardening 
correction is done for brain CT, since the 
attenuation of the skull bone differs a lot from 
water.

p. 14

Simple beam hardening 
correction against water

polychromatic
X-ray source
(the curve is 
measured during 
a calibration
procedure)

monochromatic
X-ray source

Measured 
value

Corrected
value

Projection value:

Perfect correction 
only possible for

water + air!

𝐹𝑖𝑔. 3.2

p. 15

Without 
beam-
hardening
correction:

With beam-
hardening
correction:

Simple beam hardening 
correction against water, example

p. 16



5

Post-reconstruction Needed for brain CT

p. 17 Primary and Secondary radiation.
Scattering and collimation.

The red ray is desired 
primary radiation.

The yellow rays are 
undesired. They are
scattered secondary 

radiation. 
They are stopped 
by the collimation.

The green ray is 
undesired. It is 

scattered secondary
radiation. 

It is not stopped 
by the collimation.

p. 18

Scattering correction,
approximate methods
 Uniform scatter background.
 Scatter distributions measured in advance for homogeneous objects 

similar in shape and size to the typical object being scanned.
 Scatter fields are sometimes represented as a convolution of 

weighted measured projections with some blurring kernel, because 
scatter varies slowly.

 Scatter can be measured by additional detector elements outside 
the patient. Then the scatter function can the estimated for the 
whole projection. In Siemens Somatom Definition Force at CMIV!

 The estimated scatter is then subtracted from the projections before 
image reconstruction.

p. 19 The scatter artifact on an image, 
example
 Scatter artifacts gives a dark shadow in the object center.
 Here shown on a rat phantom (real rat bone, artificial soft 

tissue) 

p. 20
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Dual-Energy CT
Siemens Somatom

Definition Force,
CMIV, Linköping

Sn140 kV80 kV

Sn (tin) filter

p. 21

Reconstruction for two energies of our 
water phantom with different test tubes

𝐹𝑖𝑔.  𝐴. 1

p. 22

Dual-Energy CT, summary
 Dual energy CT gives us more information about 

the interior of the human body. The two images 
(or volumes) can be combined in different ways.

 The two X-ray tubes are sometimes used with 
the same spectrum. Then a twofold faster 
scanning is possible. This is utilized in heart 
studies.  

p. 23 3D Tomography,
helix-shaped source path
 Area detector of several detector rows
 Translation + rotation = helix
 There exists a lot of similar approximate reconstruction algorithms, 

e.g. the PI-method from Linköping and WFBP (weighted filtered 
backprojection) from  Siemens.

 There exists some exact algorithms, too. One is a filtered 
backprojection developed by Katsevich. Used for log scanning!

p. 24
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Exact algorithm definition &
Tuy-Smith’s condition
 An exact algorithm is mathematically correct, meaning 

that it is able to reconstruct an object function as closely 
as desired if a sufficient amount of noise-free projection 
data are provided and sufficiently dense sampled.

 Tuy-Smith’s condition: A necessary condition for exact 
reconstruction is that for every plane that intersects the 
object there exists at least one X-ray source point.

 In cases when Tuy-Smith’s condition is not fulfilled, there 
will always be image artifacts (errors) even though the 
resolution and SNR are increased unlimitedly.

 Is Tuy-Smith’s condition fulfilled for the helical source 
path?

p. 25

Yes!

The PI-method
 Developed in Linköping 

by Per-Erik Danielsson 
and Henrik Turbell.

 The PI-detector window is 
collimated to fit between 
two turns of the helix.

 The PI-detector gives 
complete and non-
redundant projection 
data.

 The PI-detector is also 
used by Katsevich in his 
exact method.

p. 26

The PI-method, algorithm
 Pre-weighting
 Semi-parallel rebinning
 1D ramp-filtering along each row of the virtual 

planar detector
 3D backprojection

p. 27

The WFBP-method, algorithm
 The detector is bigger than the PI-detector => 

redundant information.
 Semi-parallel rebinning
 1D ramp-filtering
 Weighting on the detector
 3D backprojection and weighting in every voxel 

to compensate for the redundant detector
 Implemented on Siemens Somatom Definition 

Force at CMIV!

p. 28
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Rebinning to semi-parallel beams,
seen from above and from side

p. 29 Reconstruction example, 
Child head, 64-row detector

Ex) nearly exact method

Ex) approximate method

p. 30

The C-arm tomograph for inter-
ventional orthopedics / surgery
 The mobile C-arm system is an 

inexpensive imaging device to use 
in the operating room

 Feldkamp algorithm
 The placement of screws etc. can 

be controlled
 Today: imaging of high contrast 

objects only.

p. 31 3D Tomography,
circular source path
 A large part of the body can 

be scanned in a single 
rotation with a large area 
detector.

 The method of choice for 
circular cone-beam is the 
robust and efficient 
Feldkamp algorithm.

 Used for C-arm
 Is Tuy-Smith’s condition 

fulfilled? And does a circular 
scan provide a complete 
data set in cone beam 
geometry?

p. 32

No!
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The Feldkamp algorithm
 Perform pre-weighting 

on the detector.
 Perform horizontal 

row-by-row 1D ramp-
filtering on the 
detector.

 Perform 3D weighted 
backprojection along 
the rays towards the 
X-ray source.

 Repeat the 3 steps 
above for every angle 
in the interval 0 to 360 
degrees.

p. 33 Iterative reconstruction for CT, 
illustration 1

 PhD thesis by 
Johan Sunnegårdh

 Based on an idea 
by prof. em. Per-
Erik Danielsson

 An approximate 
reconstruction 
algorithm gives 
artifacts for high 
pitch (height be-
tween two turns) of 
the helix. The arti-
facts can be iter-
atively corrected.

 Also noise can be 
suppressed.

 Similar method
now on Siemens 
Somatom Definition 
Force at CMIV!

p. 34

Iterative reconstruction for CT, illustra-
tion 2, here with filtrered backprojection

Original projection

+

forward
projection
generation

rampfilter

backprojection

+
recon-
structed
volume

-diff

-

p. 35 Iterative reconstruction methods 
for CT, illustration 3
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Measured
projections
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In iterative reconstruction, the 
following can be modelled
 Geometric modeling

 e.g. focus size, detector element size
 Physical modeling

 DECT needed
 Photon statistics modeling

 To suppress noise
 Prior object information modeling

 Try to keep edges (edge preserving) and 
smooth out surfaces (noise suppression)

 May give a patchy impression if utilized too 
much.

p. 37
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Överkurs!

Image
examples
 Left: 

Filtered 
back-
projection

 Right: 
Iterative 
recon-
struction

 Note that 
noise is 
suppress-
ed.

p. 38
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